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Introduction
In recent decades, numerous nanofabrication techniques such as optical and electron beam lithography, focused ion beam (FIB) milling, nanoimprinting, femtosecond laser machining etc. have been developed to fabricate nanostructures. These nanostructures are the building blocks for many emerging high-tech products such as plasmonic lens, bio-sensors, solar cell, and high density magnetic hard disk etc [1] [2] [3] . However, due to the inherent limitations of these fabrication techniques, particularly the inability for scale-up manufacturing of high quality nanodevices, these methods fail to meet the increasing demand in commercializing functional nanostructured devices.
Diamond turning using multi-tip diamond tools has recently been proven to be a promising method for scale-up manufacturing of micro/nano structures on work material surfaces [2, [4] [5] [6] [7] . Through ultra precision scratching/turning operations, it is possible to replicate micro/nano structures pre-featured on the tip of a diamond tool onto a target specimen with high formation accuracy. Periodic micro grooves [4] [5] , arrays [6] , and diffraction gratings [7] have been successfully obtained by several research groups by using multi-tip tools fabricated by FIB (with tool tip dimensions ranging from 15 µm to 100 µm). Recently even nano-gratings with pitch of hundreds of nanometers can be generated by this technique while using nanoscale mult-tip diamond tools (with tool tip width of 150 nm) [2] .
However, the formation mechanism of theses nanostructures and the influence factors on form accuracy and surface integrity remain unclear. Obtaining nanostructures with great repeatability is still a challenging task when applying this technique. The cutting heat has long been regarded as a significant factor in nanometric cutting process [3, 8] . It will not only accelerate tool wear, but also significantly influence the material removal, elastic/plastic deformation and local thermal annealing. A detailed investigation into the thermal effects is therefore, crucial to gain great controllability and repeatability in the nanometric cutting process.
Molecular dynamics (MD) simulations have been effectively used to address some fundamental issues related to nanometric cutting processes [3, [8] [9] [10] [11] [12] . Atomistic models have been applied to emulate the material removal process during nanometric cutting of copper. Ye et al. [3] and Pei et al. [8, 9] built single tip cutting tool models to investigate the material removal mechanism and the cutting heat performed at different cutting speeds. Fang et al. [10] , Kim et al. [11] and Yan et al. [12] have used the pin-tool MD model to study the AFM-based nano-scratching processes. Moreover, the role of friction and tool wear in nanometric machining of copper using single tip tool has also been reported [3, 11, 13] . These studies have made significant contributions towards the understanding of the mechanism of diamond turning of copper. However, no experiments or theoretical models have been developed, for nanometric cutting, to study the thermal effect on nanostructure fabrication process while using nanoscale multi-tip diamond tools.
In this paper, atomistic nanometric cutting models are built and conducted to study the thermal effects during the nanometric cutting of copper. In order to benchmark the unique characteristics while using a multi-tip tool, a detailed comparison between the single tip and multi-tip tool cuttings have been carried out in terms of temperature distribution and the integrity of the machined surface.
Computational method and the modeling parameters

Geometric models
To avoid the size effect caused by the period boundary condition [9] , large scale nanometric cutting models with free boundary condition in all directions were built for single tip as well as for multi-tip tool cuttings (as shown in figure 1 ). The geometry of the multi-tip cutting tools is shown in figure 1 (a) . The tool-tip width is 15a (a = 3.567 Å) with the tool rake angle being 0º and the tool clearance angle being 12º. To save computational time, a double-tip diamond tool with a pitch of 10a was employed to represent a multi-tip tool.
All of the tools were built as deformable bodies with round cutting edges (edge radius of 5a). Copper is chosen as workpiece because of its high machinability for diamond turning, particularly suitable for fabrication of precision drums used in roll-to-roll manufacturing [5] . The workpiece model has a dimension of 50a0×80a0×40a0 (a0 = 3.615 Å). The three orientations of the workpiece are [ 
Potential functions
There are three types of atomic interactions in the MD simulation. For the Cu-Cu interaction the embedded atom method (EAM) potential proposed by Foiles et al. [14] was used since it has been successfully used in description of metal materials [3, 9, 15] . The total energy E of the atomistic system comprises summation over the atomistic aggregate of the individual embedding energy Fi of atom i and pair potential between atom i and its neighboring atom j, as shown in the following equation:
where the lower case Latin superscripts i and j refer to different atoms, is the distance between the atoms i and j, and is the electron density of the atom i contributed by atom j.
For C-C atoms, we adopted Tersoff potential [16] and computed as follows: 
(1 )
where Vij is the bond energy of all the atomic bonds, i, j, and k label the atoms of the system, rij is the length of the ij bond, bij is the bond order term, is the bond angle between the bonds ij and ik, fR is a two-body term and fA includes the three-body interactions. fC merely represents a smooth cutoff function to limit the range of the potential, and counts the number of other bonds to atom i besides the ij bond.
Morse potential function was selected to describe the interaction between Cu-C, which has been widely used in MD simulations of nanometric cutting of Cu [12] . A cohesion energy D of 0.087eV, elastic modulus of 5.14 Å -1 , and r0 of 2.05 Å are specified in present study.
MD simulation
MD simulations were implemented by using an open source code-LAMMPS [17] compiled on a high performance computing (HPC) clusters using 24 cores. Before cutting, 85,000 computing time steps were carried out to freely relax the system to 293 K. During cutting and the thermal annealing processes, the systems were controlled by NVE ensemble and the thermostat atoms were keeping at a constant temperature of 293 K through using the velocity scaling method to perform the heat dissipation [8, 12] . The other computational parameters used in the MD simulations were summarized in table 1 for reference. In this case, two nano-grooves were formed at the same time by a single pass. In order to fully reveal the local thermal elastic/plastic recovery of materials during the nanostructure generation processes, after the cutting, all of the models were allowed to relax for 50,000 time steps (50 ps) by holding the tool in the fixed loaded position.
Results and discussion
Temperature distribution
Cutting heat has been regarded as one of the key factors to influence the quality of the generated nanostructures as well as the tool life in nanometric cutting process. According to the law of equipartition of energy, the representative temperature of a group of atoms can be calculated from the total atomic kinetic energies of the group. A new concept of atomistic equivalent temperature , which is calculated from the statistical average temperature of neighbour atoms around the atom i, is proposed in order to more accurately characterize the variation of temperature during the nanomectric cutting process. As the nature of the temperature is statistical, the accuracy of the temperature calculated significantly depends on the cutoff distance used. In general, the larger the cutoff distance, the lower the calculated temperature. In this paper, a critical radius = 4a0 was employed to select the neighbour atoms in order to reflect the thermal feature of the short-range structure of copper lattice during nanometric cutting processes. The translation between the atomic kinetic energy and the statistical temperature are computed using the following equation: where n is the number of atoms within the radius , and represent the mass and instantaneous velocity respectively, and is the Boltzmann constant.
The calculated results showed that at initial cutting state the cutting temperature rapidly increased until it reached a stable value at a cutting distance of 15 nm. Figure 3 shows the detailed temperature distributions of the single tip and multi-tip cutting tools at a cutting distance of 17 nm. Atoms are coloured according to their atomistic equivalent temperature. For all the tool models presented here, the highest temperatures were found at the tool cutting edges. For the single tip tool cutting, the atoms with equivalent temperature around 510 K were distributed uniformly around both sides of the tool cutting edges; while for the multi-tip tool cutting, a local temperature of 610 K was found at the inner sides of the tool tips which is higher than other sides. Unlike the single tip tool nanometric cutting where the nano-grooves were generated separately, the two nano-grooves were formed at the same time during multi-tip tool cutting. This will result in a large compression between the inner sides of the tool tips and the workpiece, and thus leading to a high local temperature. Since the high cutting heat is very closely associated with the tool wear, the result indicates that the inner sides' cutting edges of a multi-tip tool are more likely to wear prior to other cutting edges. shear zone is around 650 K, but the highest temperature found in the cutting chips is about 900 K. Unlike traditional metal cutting in this study the diamond tool material is significantly harder than the workpiece material i.e. copper. It is a common knowledge that when the cutting tool material is significantly harder than the substrate, the plastic deformation of the softer work material will be the main heat source [18] . In our MD model, the energy transfer between copper and diamond is described by the selected potential functions. At the interface of the diamond tool and copper substrate, there is an atomic layer (with a thickness of several atoms) to transmit the energy between C and Cu atoms. Copper and the diamond materials both have high thermal conductivity. However, the thermal conductivity of the natural diamond was measured to be about 22 W/(cm·K) which is five times more than copper. As a result, a large temperature gradient towards the cutting tool was observed in figure 4 . Moreover, the large diamond cutting tool model built in present study also help to release the cutting heat at tool cutting edge. Therefore, the diamond cutting tool would have lower temperature than the copper substrate. The highest cutting temperature was found in the cutting chips.
Nevertheless, it can be seen that the range of high temperature region (> 550 K) when using the multi-tip tool is apparently larger than that of using the single tip tool. In order to further quantify the difference in cutting heat when different kinds of tool were used, detailed analysis has been done by comparing the number of atoms in different temperature ranges. For a better comparison, only the workpiece atoms within the cutting zone (z coordination larger than 20a0) were taken into account and the numbers of atoms in different temperature ranges were normalized by the total number of atoms selected (as shown in figure 5 ). It was found that the proportion of atoms with atomistic equivalent temperature Ti larger than 500 K in the multi-tip tool case was 8.01%, which was more than twice large than that of the single tip tool cutting (being 3.3%). This result well confirm that the cutting heat generated while using the multi-tip tool was much higher than the cutting heat produced during both the first and the second pass of the single tip tool cutting.
Thermal annealing at machined surface
It has been widely accepted that re-crystallization happens during local annealing process, not only in ductile metallic materials [3] but also in brittle materials such as silicon [19] and diamond [20] . In macro machining practice, after the tool has left the machined region, there is a macroscopic time (~ms) for the machined surface to relax [3] . And by that time, atomic defects and dislocations under the subsurface might be able to get annealed partly. In nanometric cutting, the thermal effects happen in such a short timescale. To accurately detect and measure the temperature distribution, it requires a thermal measurement system with extremely short response time and high resolution. However, the spectral wavelength of sensors used in most current commercial infra-red thermography are ranging from 0.8 m to 14 m with the response time ranging from 2 ms to 120 ms. It is therefore very difficult to detect and monitor the cutting heat accurately by current In present work, in order to well simulate the relaxation process and investigate the thermal effects when different kinds of tools were used, time relaxations of the machined work material were performed for both the single tip and multi-tip tool cuttings. It has been found through trial simulations that a period of 50 ps relaxation process was enough for the present system to cool down to 293 K. For the identification of the damages formed during the cutting process, centro-symmetry parameter (CSP) was employed as it is less sensitive to the temperature increase compared with other methods such as atomic coordinate number and the slip vector [9] .
Moreover, radial distribution function (RDF) [21] was further employed to identify the changes in the lattice structure during the relaxation process. Figure 6 shows the cross-sectional views of the defect zones at 0 ps and 50 ps. For better comparison, only the atoms in the defect zone were selected for analysis and the atoms in the defect-free zone were removed from the visualizations [22] . It can be seen that before the relaxation, there are large number of dislocations and atomic defects beneath the tool tip (figure 6(a) and (c)). The depth of the subsurface atomic defect layer in the multi-tip tool cutting is about ~ 6 nm which is nearly twice of the single tip tool cutting (being ~ 3.5 nm).
However, as shown in figure 6 (b) , most of atomic defects and dislocations in the machined area are annealed after 50 ps for the single tip tool cutting. For multi-tip tool cutting, the atomic defects and dislocations are also remarkably annealed after the relaxation process (as shown in figure 6 (d) ), leaving behind an almost dislocation-free machined workpiece.
In order to further identify the lattice integrity of the machined structure, the radial distribution functions (RDF) of the machined nanostructures were calculated before and after the relaxation process. As shown in figure 7 (a), before relaxation, the RDF value of the first and the third peak for the nanostructure machined by the multi-tip tool are slightly smaller than those of the nanostructure created by using single tip tool, which indicates that the atoms are in a higher disorder in the case of multi-tip tool cutting; however after the relaxation process, there is an increase of the first peak value of RDF for both the single tip and multi-tip tool cutting, and the two RDF curves have nearly the same shape (as shown in figure 7 (b) ). This result is in good agreement with the CSP result and indicates that local re-crystallization takes place on the machined surface.
Nevertheless, it is noted that, the local re-crystallization observed in multi-tip tool cutting is more noticeable than the single tip tool cutting. Although the depth of the atomic defect layer before relaxation when using the multi-tip tool was much larger than that of using the single tip tool, most of the defects were annealed and left almost an ideal FCC lattice structure after the relaxation process. As evident from figure 6 (b) and (d), the depths of the residual atomic defect layer are 3.0 nm and 3.9 nm for the single tip and multi-tip tool cuttings, respectively. The cutting heat produced during the nanometric cutting process provides the thermal energy for the defects to get annealed [3] . Therefore, the thermal annealing plays a significant role in obtaining high quality nanostructures during the nanometric cutting process, especially when using a multi-tip tool.
Effect of cutting speed
In metal cutting process, the cutting zone temperature significantly depends on the cutting speed. In order to investigate the thermal effect under different cutting speeds, simulations of nanometric cutting process by using multi-tip tools were performed over a wide range of cutting speed (100 m/s, 150 m/s, 200 m/s, and 300 m/s) with depth of cut of 1 nm.
The nano-grooves and inside views of atomic defects distribution after 50 ps relaxation are shown in figure 8 .
For the case of cutting speed being 100 m/s, there were large numbers of surface edge atoms left (red colour)
after the relaxation process ( figure 8 (a) ). Because the surface edge atoms also reflects the slip plan of dislocations inside the workpiece, to some extent, the density and distribution of these edge atoms are able to indicate the range and slip plans of material plastic flow [22] . It is found that with the increase of the cutting Single-tip tool Multi-tip tool speed, especially when the cutting speed is higher than 200 m/s, the number of surface edge atoms and the range of material side flow are remarkably decreased. The nano-grooves machined by using a cutting speed of 300 m/s has the best surface integrity (as shown in figure 8 (b)-(d) ). Moreover, the range and depth of residual atomic defect layer after annealing were found to be significantly decreased with the cutting speed. The depth of residual damaged layer being 2.9 nm under the cutting speed of 300 m/s is much smaller than that of 6.3 nm for the case of the cutting speed at 100 m/s; while the depth of residual damaged layer for the cases of 150 m/s and 200 m/s are the same (being 3.9 nm). Under all the above cutting conditions, no extra thermo-induced damage was found after a cutting distance of 18 nm. The result indicates the great potential to control the thickness of residual atomic defect layer through selection of optimal cutting speed under the adopted depth of cut when using nanoscale multi-tip diamond tools.
To achieve better understanding of the effect of cutting speed on the cutting heat produced during the nanometric cutting process, the proportions of atoms with atomistic temperature that is larger than 400 K are calculated and shown in figure 9 . On one hand, the cutting heat increases with the increase of the operational cutting speed. As shown in figure 9 (a) , the proportional of atoms at each temperature range increase with the increase the cutting speed. However, the existence of workpiece atoms with the equivalent atomistic temperature that is larger than 600K only appears when the cutting speed is equal or larger than 150 m/s. This important result explains well the variation of surface integrity and the depth of residual subsurface atomic defect layer under different cutting speeds which has been discussed above. When the cutting speed is high enough, the cutting heat generated at the high cutting speed would provide enough thermal energy for annealing the atomic defects and facilitating the nanostructure formation process as the dislocations movement and diffusional creep are more easily to activate at a relatively high temperature [23] . The higher the cutting speed, the higher the local cutting heat generated, and thus the less the numbers of residual atomic defects left.
On the other hand, the high cutting heat produced at high cutting speed will result in the initialization of the tool wear at the cutting edge and decrease the tool life [24, 25] . Figure 9 (b) shows the proportions of the diamond tool atoms in different temperature ranges. It is found that the tool atoms with the equivalent atomistic temperature that is larger than 500 K only appears when the cutting speed is higher than 150 m/s. Although the high cutting heat produced at high cutting speed would provide enough thermal energy for annealing the atomic defects [3] , to some extent, the increase of the cutting heat at the tool cutting edges would in turn soften the Figure 8 . The nano-grooves and inside views of atomic defects distribution after 50ps relaxation. Cyan, blue, and red atoms represent particle dislocation, stacking fault, and surface edge atoms respectively.
the early induced tool wear. Moreover, the vibrations and the motional errors induced by the increase of cutting speed would degrade the formation accuracy of the nanostructures and the surface integrity. As a result, it is to be concluded that a balance between the targeted quality of nanostructures and the tool life should be critically considered while choosing the cutting speed for the diamond turning with nanoscale multi-tip tools.
Conclusions
The MD simulations presented in this paper reveal the detailed thermal behaviors of work materials and provide a useful theoretical support for determining the cutting speed when perform the nanometric cutting using nanoscale multi-tip diamond tools. The conclusions can be drawn as follows:
(1) The atomistic equivalent temperature provides a new effective way to characterize local temperature distribution during nanometric cutting processes. The highest temperature was found in cutting chips. The cutting heat produced during multi-tip tool cutting is found to be larger than the single tip tool cutting. (2) The local temperature is found to be higher at the inner sides of the nanoscale multi-tip diamond tool cutting edges than that of the outer sides suggesting that the inner sides' cutting edges are more likely to wear prior to other cutting edges.
(3) Local thermal annealing process takes place on the machined area and plays a major role in obtaining high quality nanostructures. When the cutting heat produced during the cutting process is high enough, most of the subsurface atomic defects are able to get annealed during the relaxation process.
(4) High cutting speed can accelerate thermal annealing process observed at the machined area. A balance between the machining quality of nanostructures and the tool life should be critically considered while choosing the cutting speed for nanometric cutting with nanoscale multi-tip tools.
